Chemokines are small soluble molecules that play critical roles in wound healing, infection, and cancer progression. In particular, overexpression of the C-C motif chemokine ligand 2 (CCL2) in multiple cancer types correlates with poor patient prognosis. Animal studies have shown that CCL2 signals to macrophages and breast cancer cells to promote tumor growth, invasion, and metastasis, indicating that CCL2 is a promising therapeutic target. However, the effectiveness of human-specific neutralizing antibodies has not been fully evaluated. Furthermore, controversies remain on the use of neutralizing antibodies to target CCL2 and could be due to mode of drug delivery. Here, we investigated the effects of continuous delivery of human CCL2-neutralizing antibodies on breast cancer progression. Nude mice bearing MCF10CA1d breast tumor xenografts were implanted with osmotic pumps containing control IgG or anti-CCL2 and analyzed for CCL2 levels and tumor progression over 4 weeks. Despite inhibiting CCL2-induced migration in vitro, CCL2-neutralizing antibodies did not significantly affect tumor growth, invasion, macrophage recruitment, or tumor angiogenesis. CCL2 antibodies did not affect murine CCL2 levels but significantly increased human CCL2 levels in circulating blood and tumor interstitial fluid. CCL2-neutralizing antibodies reduced CCL2 levels in cultured cells short term at high concentrations. Enzyme-linked immunosorbent assay analysis of CCL2 in cultured fibroblasts and breast cancer cells revealed that the neutralizing antibodies sequestered CCL2 in the media. CCL2 levels were restored once the antibodies were removed. These studies reveal limitations in CCL2-neutralizing antibodies as a therapeutic agent, with important implications for translating CCL2 targeting to the clinic.
Introduction
Chemokines are a large family of small soluble proteins (8-10 kDa) that regulate homing and recruitment of immune cells through formation of molecular gradients. They play critical roles in regulating immune cell trafficking and endothelial sprouting during embryonic development, wound healing, and infection, which have been well documented [1] [2] [3] . Over 50 chemokines have been identified and are classified in multiple categories, C-C, C-X-C, C-X 3 -C, depending on the amino acid composition of a cysteine motif at the N terminus [1, 3] . Chemokines are highly conserved between mice and humans with up to an 80% amino acid sequence homology [4, 5] . Chemokines signal through G protein-coupled receptors, which possess a seven-transmembrane spanning domain and activate G protein-dependent and -independent pathways regulating cell migration, survival, proliferation, and gene transcription [3, 6] .
Of the different classes of chemokines, C-C chemokines are known to regulate angiogenesis and recruitment of myeloid cells during acute
and chronic inflammation [7, 8] . In particular, CCL2 is a critical regulator of macrophage recruitment during wound healing and infection and signals primarily through CCR2 receptors [9] . Overexpression of CCL2 has been implicated in inflammatory diseases including rheumatoid arthritis, macular degeneration, diabetes, and atherosclerosis [9, 10] . CCL2 is overexpressed in the epithelium and stroma of numerous cancer types, including gliomas, prostate cancers, ovarian cancers, and breast cancers, and expression correlates with recruitment of macrophages [10] [11] [12] . CCL2 expression correlates with tumor grade and unfavorable patient prognosis from studies of tumor biopsies and blood serum levels of cancer patients [10] . Functional studies in breast and prostate cancer animal models show that blockade of CCL2 activity through neutralizing antibodies or knockdown through small interfering RNAs inhibits tumor growth and metastasis, correlating with decreased macrophage recruitment and tumor angiogenesis [11, 12] . These studies demonstrate that CCL2 is a promising therapeutic target for many diseases. Neutralizing antibodies and small pharmacologic agents to target cytokines in cancer have proven successful for the treatment of various cancer types, including breast and lung cancers [13] . While small pharmacologic agents are in early clinical development [14] , CCL2-neutralizing antibodies have been the primary agent used to target CCL2 activity and have been extensively studied in animal models [15] [16] [17] [18] . However, recent studies have highlighted certain controversies surrounding targeting of CCL2 in cancer. Delivery of CCL2-neutralizing antibodies in animal models of breast and prostate cancer effectively inhibited tumor growth and metastasis, and decreased recruitment of macrophages [15] [16] [17] [18] . However, one recent study showed that cessation of CCL2 neutralization in a breast cancer model led to a rebound in tumor growth, associated with increased macrophage recruitment and tumor angiogenesis in the primary tumor [19] . In addition, clinical trials have reported limited to no therapeutic efficacy of the CCL2-neutralizing antibody CNTO888 either as a single agent or in combination with chemotherapy for the treatment of metastatic and nonmetastatic cancer [20] [21] [22] . Studies have suggested that a lack of efficacy was mainly due to clearance of antibody and rapid dissociation of antibody-CCL2 complex in vivo, leading to rebound of CCL2 levels during the antibody treatment [23] . The majority of studies have involved interval injections of CCL2-blocking reagents (antibody or inhibitor). Thus, this method of delivery could lead to fluctuations of inhibitor levels over time, possibly limiting therapeutic efficacy. Furthermore, preclinical studies utilized murine-specific CCL2 antibodies. To date, human-specific CCL2-neutralizing antibodies in mouse models have not been extensively tested.
This study sought to more fully characterize the effects of human-specific CCL2-neutralizing antibodies on breast cancer progression and determine whether effectiveness was related to method of delivery. Nude mice bearing MCF10CA1d breast tumor xenografts were implanted with osmotic pumps containing control IgG or anti-CCL2 and analyzed for CCL2 levels and tumor progression over 4 weeks. Despite inhibiting CCL2-induced migration in vitro, CCL2-neutralizing antibodies did not significantly affect breast tumor growth, invasion, macrophage recruitment, or tumor angiogenesis. CCL2 antibodies significantly increased human CCL2 levels in circulating blood and tumor interstitial fluid. CCL2-neutralizing antibodies reduced CCL2 levels in cultured cells short term at high concentrations. Enzyme-linked immunosorbent assay (ELISA) analysis of CCL2 in cultured fibroblasts and breast cancer cells revealed that the neutralizing antibodies sequestered CCL2 in the media and that CCL2 levels were restored once the antibodies were removed. This study demonstrates that continuous delivery of CCL2 antibodies in vivo is possible but reveals limitations to use of neutralizing antibodies as a targeting agent for CCL2, with important implications for translating targeted therapies to the clinic.
Materials and Methods

Cell Culture
The human breast cancer cell line MCF10CA1d (CA1d) [24, 25] was kindly provided by the laboratory of Dr. Fred Miller (University of Michigan). Human cancer-associated fibroblasts (hCAF-2300) were isolated from invasive ductal carcinoma tissues and characterized previously [26, 27] . Cells were cultured in Dulbecco's modified Eagle medium containing 10% fetal bovine serum (FBS), 2 mM L-glutamate, and 1% penicillin-streptomycin. Human monocyte cell line THP-1 monocytes were kindly provided by Dr. Katherine Fields (University of Kansas Medical Center) and were cultured in Roswell Park Memorial Institute medium (RPMI) containing 10% FBS and 1% penicillin-streptomycin. DNA genotyping was performed to confirm cell identity. Cells were tested for mycoplasma after thawing using a luciferase-based mycoplasma assay (Lozona, #LT07-703).
Transwell Migration Assay
Transwell migration assays were carried out in 24-well plates using Boyden chambers with 5-μm pores (VWR Inc., #10789-236). In the upper chamber, THP-1 cells were seeded at 100,000 cells per well in 100 μl of RPMI containing 0.1% bovine serum albumin (BSA). At the bottom chamber, 600 μl RPMI containing 0.1% BSA was pipetted into the bottom chamber in the presence or absence of recombinant CCL2 (10, 50, or 100 ng/ml), anti-CCL2 (0.1, 1, or 10 μg/ml), or IgG isotype control. Cells were incubated at 37°C for up to 5 hours. Phase contrast images were captured at 10× magnification of THP-1 cells migrated to the lower chamber using an EVOS FL auto imaging system, with 28 stitched fields per well. The total number of cells for each well was quantified using Image J software.
Animal Care and Orthotopic Transplantation
Athymic nu/nu female nude mice (5-6 weeks old) were obtained from Charles River (NCI #553) and maintained at the University of Kansas Medical Center animal facilities under Institutional Animal Care and Use Committee and Association for Assessment and Accreditation of Laboratory Animal Care International-approved guidelines. Breast cancer cells and cancer-associated fibroblasts were co-grafted into the mammary glands of mice as previously described [27] . Briefly, 100,000 MCF10CA1d cells and 250,000 hCAF-2300 cells were co-embedded into 50 μl of rat tail collagen I (Corning Inc., #354236) and cultured overnight at 37°C. The mice were anesthetized with 2% isoflurane. A "Y"-shaped incision was made 1 cm from the base of the tail, and the skin flaps were folded back to expose the inguinal mammary glands. One plug was inserted into each of the #4-5 and #9-10 inguinal mammary fat pads. The wounds were closed with wound clips, and mice were rehydrated with 0.9% NaCl. Mice were monitored daily for 7 to 10 days until wound clips were removed. Mice were then monitored twice weekly over for the next 3 weeks until tumors reached 1.5 cm in size, the maximum tumor size allowable. Mice were sacrificed 4 weeks (28 days) posttransplantation.
Osmotic Pump Implantation in Mice
Osmotic pumps were purchased from ALZET (Model 2004), with a manufacture pump rate of 0.23 μl per hour over 4 weeks. Osmotic pumps were filled with 1 mg/ml monoclonal mouse anti-human CCL2 antibody (R&D system, MAB279) or mouse IgG1 isotype control antibody (R&D System, MAB002) according to manufacturer's instructions. The filled pumps were equilibrated for 48 hours by incubation in 0.9% saline at 37°C. On the day of implantation, mice were anesthetized with 2% isoflurane. A 1-cm incision was made in the right dorsum, and one pump containing IgG or anti-CCL2 was inserted in each mouse (n = 5 per group). Pumps were implanted immediately after orthotopic transplantation of tumor cells. The wound was closed by wound clips. Wound clips were removed 7-10 days after surgery.
Pump Rate Analysis
Osmotic pump activity was characterized according to manufacturer protocol. Briefly, the pump was filled with 0.1% w/v trypan blue (Sigma), placed in 15 ml 0.9% saline solution in 50 ml canonical tube, and incubated at 37°C. At days 2, 3, 4, 7,10, 14, 21, and 28, the trypan blue in the saline solution was measured at OD590 [28] . After each measurement, the pump was transferred to a new fresh tube containing 15 ml 0.9% saline solution.
Blood Collection
Mice were anesthetized using 2% isoflurane. Using a 25-gauge needle, blood samples (50 μl/mouse/time point) were collected on the day before surgery (day 0), week 2, and week 4 posttransplantation through the submandibular vein. To prepare blood samples for ELISA, 0.5 M ethylenediaminetetraacetic acid was added to blood samples at 10% of total volume. Blood samples were centrifuged at 2000×g for 15 minutes at 4°C, and the supernatant containing plasma proteins was collected for analysis.
Preparation of Tumor Tissues for Interstitial Fluid Analysis
Interstitial fluid was collected from tumor tissues using a procedures previously described [29] . Forty-milligram to 100-mg samples from primary tumor tissues were weighed and homogenized with a pellet pestle in phosphate-buffered saline (PBS) added at a ratio of 3 μl:1 mg. The supernatant was collected after two rounds of centrifugation at 16,000×g for 15 minutes at 4°C.
ELISA of CCL2 Antibody Levels
To prepare plates for ELISA analysis of CCL2 antibodies, 96-well high-protein binding plates were incubated with 100 μl/well with 10 ng/ml recombinant human CCL2 (Peprotech, #300-04) diluted in PBS overnight. Plates were washed with PBS/0.05% Tween-20, and then wells were blocked with PBS containing 10% BSA for 2 hours. Wells were coated with CCL2 antibodies as standards, which were diluted to final concentrations of 10 μg/ml, 1 μg/ml, 500 ng/ml, 100 ng/ml, 10 ng/ml, and 1 ng/ml in PBS/2% BSA. As a negative control, wells were coated with IgG1 isotype control at a final concentration of 1 μg/ml. Wells were incubated with 100 μl of plasma or tumor interstitial fluid samples diluted 1:100 in PBS/2% BSA. Samples were incubated for 2 hours at room temperature, washed with PBS/0.05% Tween-20, and then incubated with 0.5 μg/ml biotinylated goat anti-mouse detection antibody (Vector Laboratories, #VA-9200) for 2 hours. Samples were then incubated with streptavidin conjugated to horse radish peroxidase (Vector Laboratories, #900-K31) for 30 minutes. Reactions were catalyzed with TMB substrate (Thermo Scientific, #34028), stopped with 2 N HCl, and read at OD450. CCL2 antibody levels were normalized to wells incubated with 2% BSA nonspecific binding control.
CCL2 ELISA
Plasma samples were diluted 1:4 in PBS containing 0.1% BSA and 0.05% Tween-20. Tumor interstitial fluid samples were diluted 1:20. Samples were assayed using mouse CCL2 ELISA kit (Peprotech, #900-K59) or human CCL2 ELISA kit (Peprotech, # 900-K31) according to manufacturer protocol.
To generate conditioned medium, MCF10CA1d or hCAF-2300 cells were seeded at 10,000 cells per well in triplicate in a 24-well plate. Cells were then incubated with 500 μl of Dulbecco's modified Eagle medium/10% FBS in the presence or absence of control IgG or CCL2 antibody (1 or 10 μg/ml) for 24 hours. The medium containing IgG or anti-CCL2 was collected and assayed for CCL2 levels by ELISA (Peprotech, #900-K31). To analyze for CCL2 levels post-antibody treatment, the cells were washed once with PBS and reincubated in serum free medium without IgG or antibody treatment for an additional 24 hours. The samples were collected and assayed for CCL2 levels by ELISA.
Tissue Embedding and Histology
Tumor samples were fixed in 10% neutral buffed formalin overnight and then dehydrated in a series of: 70%, 90%, and 100% ethanols for 30 minutes each. Tissues were further dehydrated in isopropanol for 1 hour, 50:50 isopropanol:wax at 60°C for 1 hour, and in wax overnight at 60°C. Tissues were mounted on cassettes and sectioned into 5-μm thin slices onto glass slides. For hematoxylin and eosin (H&E) stain, slides were dewaxed in two changes of xylenes at 5 minutes each and rehydrated in a series of ethanols (100%, 90%, 70%, 50%) at 3 minutes each. Slides were stained with Mayer's hematoxylin for 2 minutes and eosin for 1.5 minutes, dehydrated, and then mounted with Cytoseal under glass coverslips.
Co-Immunofluoresence and Immunohistochemistry
For co-immunofluorescent staining, dewaxed slides were subject to antigen retrieval using 10 mM sodium citrate buffer pH 6.0 for 20 minutes in pressure cooker under low pressure setting for antigen retrieval. Samples were blocked for endogenous mouse IgG using the M.O.M kit (Vector Lab., #BMK-2202) and then incubated with mouse anti-cytokeratin 5 (CK5) at a 1:50 dilution (Thermo Fisher Scientific, #MA5-12596) and with rat anti-F4/80 (Abcam, #ab6640) at a 1:100 dilution in PBS 3% FBS. After overnight staining at 4°C, slides were washed three times in PBS containing 0.05% Tween-20 and incubated with Alexa Fluor 568 goat anti-rat dilution (Invitrogen, #A11077) and Alexa Fluor 488 goat anti-mouse at a 1:100 dilution (Invitrogen, #A11001) for 2 hours. Slides were counterstained with 4′,6-diamidino-2-phenylindole at a 1:500 dilution and then mounted in PBS containing 50% glycerol. Eight high-power images for each slide were acquired using the FL Auto EVOS imaging system at 20× magnification. For image analysis, F4/80 positive cells per image were quantified using Image J particles analysis with threshold set above background. For compartmental analysis, the stroma at the tumor periphery was defined as the area bordering the tumor that was negative for CK5 staining. The tumor core was defined as areas positive for CK5 expression. F4/80 cells in each of the compartments were quantified and normalized to area size.
For immunohistochemistry staining, dewaxed slides were subject to antigen retrieval, treated in sodium citrate buffer, and blocked for endogenous peroxidase activity in deionized water (80%):methanol (10%):hydrogen peroxide (10%) for 10 minutes. After blocking for 1 hour in PBS/5% FBS, slides were incubated with rabbit anti-von Willebrand factor 8 (vWF8) at a 1:100 dilution (Chemicon International, #AB7356) overnight. Slides were washed in PBS 3 times for 10 minutes each, incubated with biotinylated anti-rabbit secondary antibody at a 1:500 dilution, and then incubated with peroxidase conjugated to streptavidin (Vector Lab., #PK-6100) for 30 minutes. Protein expression was detected using 3,3′-diaminobenzidine substrate (Vector Lab., #SK-4100). Slides were counterstained with Mayer's hematoxylin for 2 minutes, dehydrated, and mounted with Cytoseal (Thermo Fisher, #348976). Eight images per samples were acquired under 10× magnification using the FL Auto EVOS imaging system. Expression was quantified by Image J software using procedures previously described [30] .
Lung Whole Mount Staining
Lung metastasis was analyzed by whole mount staining as described previously [15] . Briefly, lung tissues were fixed in neutral buffered formalin overnight at 4°C and dehydrated on 70%, 95%, and 100% ethanol for 1 hour each. Lung tissues were cleared in xylene overnight; rehydrated through a series of 100%, 95%, and 70% ethanols; and counterstained with hematoxylin for 5 minutes. Tissues were destained in 1% HCl and incubated with tap water for 10 to 20 minutes. Micrometastases were counted using a Motic AE31 inverted microscope at 20× magnification.
Statistical Analysis
Statistical analysis was performed using Graphpad software. Two-tailed Student's t test was used for two-group comparisons. One-way ANOVA with Bonferonni post hoc comparison was used for multiple-group comparisons. Statistical significance was determined by P b .05. *P b .05, **P b .01, ***P b .001, and ns = not significant (P N .05).
Results
Antibody Neutralization of Cell Migration Induced by Human Recombinant CCL2
Multiple studies have utilized murine CCL2-neutralizing antibodies to demonstrate that targeting CCL2 activity inhibits mammary tumor progression [15] [16] [17] [18] . Murine CCL2 exhibits a 70% protein homology to human CCL2, indicating high degree of conservation [9] . The difference in sequence homology could affect receptor binding and activity. While the goal is to develop clinically active neutralizing antibodies for patients, i.e., antibodies that target human tissues, there have been few studies characterizing the effectiveness of human-specific CCL2-neutralizing antibodies on cancer progression in mouse models relative to endogenous and exogenous CCL2 levels. To address this issue, we obtained human-specific CCL2-neutralizing antibodies from a commercial source (R&D systems) and first analyzed the specificity of neutralization of murine and human CCL2. THP-1 human monocytes were cultured in vitro, stimulated with increasing dosages of murine or human CCL2, and analyzed for Transwell migration. Both murine CCL2 and human CCL2 were found to increase migration of THP-1 cells at 10 ng/ml, indicating cross-reactivity between mouse CCL2 and human CCR receptors. Chemotaxis decreased at 50 and 100 ng/ml, possibly reflecting desensitization of chemokine receptors at excess ligand concentrations. Human CCL2 induced migration with a wider range of concentration compared to murine CCL2 ( Figure 1A) , indicating higher sensitivity of human cells to human CCL2 compared to murine CCL2. Treatment of THP-1 cells with 1 μg/ml CCL2-neutralizing antibodies inhibited migration induced by human CCL2 but not mouse CCL2 (Figure 1B) , indicating that CCL2-neutralizing antibodies specifically block human CCL2.
CCL2 Antibody Penetration of Primary MCF10CA1d Breast Tumor Xenografts
As the majority of studies involving CCL2 antibody delivery in vivo involved interval injections, we asked whether continuous delivery of CCL2 antibodies would increase therapeutic effectiveness. Osmotic pump delivery of CCL2 antibodies could stabilize drug levels and avoid dosage fluctuations caused by interval drug injections [31] [32] [33] . We obtained mini-osmotic pumps (Alzet) capable of continuous drug delivery for 4 weeks in tumor-bearing mice. To characterize their long-term function, osmotic pumps were filled with trypan blue dye placed in 50-ml conical tube containing sterile saline solution in cell culture incubator (Figure 2A ). Pump activity was monitored over 4 weeks through sampling of saline and absorbance measurement of trypan blue ( Figure 2B ). After 3 days of incubation, the pump rate was found to be stable over 4 weeks, with an average rate of 5.9 μl per day ( Figure 2C ). This rate was close to the expected pump rate of 5.52 μl per day.
In previous studies, we had shown that breast stromal fibroblasts and cancer cells expressed high levels of CCL2, and CCL2 expression in basal-like breast cancers correlated with poor patient prognosis in basal-like breast cancers [15, 27] . Therefore, we analyzed the effectiveness of osmotic pump delivery of CCL2-neutralizing antibodies on tumor growth and progression using the MCF10CA1d model of basal-like breast cancer [24, 25] . MCF10CA1d breast cancer cells were co-grafted with human breast cancer-associated fibroblasts in the mammary glands of nude mice. Osmotic pumps with an expected delivery of rate of 0.3 mg/kg/day were filled with 1 mg/ml control IgG or anti-CCL2 and then implanted subcutaneously immediately after cellular transplantation ( Figure 3A ).
Mice were treated for 4 weeks until the control tumor reached 1.5 cm in size, the maximum allowable tumor size. We determined the efficiency of osmotic pump activity by measuring the volume of IgG and anti-CCL2 delivered. The residual volumes in the pumps were subtracted from the starting volume of 234 ± 2 μl. In the anti-CCL2-treated group, osmotic pumps delivered 186 ± 13 μl compared to 180 ± 20 μl of control IgG delivered, indicating consistent pump activity between groups ( Figure 3B ). To determine the levels of anti-CCL2 in blood circulation, anti-CCL2 levels were measured by ELISA from blood sampled at day 0, the day before surgery, and 2 weeks and 4 weeks postsurgery. Anti-CCL2 levels were undetectable before implantation, but 21 μg/ml was detected at week 2 and 18 μg/ml at week 4, indicating systemic delivery over time ( Figure 3C ). To determine whether anti-CCL2 penetrated the primary tumor, antibody levels in the tumor interstitial fluid were measured by ELISA. Approximately 1.1 μg/ml of anti-CCL2 was detected within the tumor, relative to control IgG-treated mice ( Figure 3D) . Placement of the tumor in either the #4-5 or #9-10 inguinal mammary gland did not affect antibody penetration or CCL2 levels (Supplemental Figure 1) . In summary, these data indicate that Translational Oncology Vol. 10, No. 5, 2017 Continuous Delivery of Neutralizing Antibodies Yao et al.
osmotic pump delivery of CCL2-neutralizing antibodies led to stable antibody levels and penetrated tumor tissues.
Increased CCL2 levels in Tumor Bearing Mice Treated with CCL2-Neutralizing Antibodies
To determine the effect of anti-CCL2 on tumor growth and invasion, mice were measured for tumor growth on a weekly basis for up to 4 weeks. Compared to control IgG-treated mice, anti-CCL2-treated tumors did not show significant changes in tumor growth over time or tumor mass 4 weeks posttreatment (Figure 4, A and B) . By H&E stain, primary tumors from IgG-and anti-CCL2-treated mice appeared to be high-grade tumors, exhibiting extensive necrosis and tumor invasion into the fat pad ( Figure 4C ). By whole mount staining and H&E stain of lung tissues, there were no significant differences in lung metastasis between IgG-and anti-CCL2-treated mice (Figure 4 , D and E). We examined for possible changes in tumor angiogenesis and macrophage recruitment by immunostaining of primary tumors. Sections were co-immunofluorescent stained for antibodies to F4/80, a macrophage marker, with human-specific CK5 to distinguish MCF10CA1d breast cancer cells. Macrophages were primarily detected at the edge of the tumor, with few macrophages within the tumor tissue ( Figure 5A ). There were no differences in total levels of macrophages regardless of localization between IgG-and anti-CCL2-treated mice ( Figure 5A , Supplemental Figure 2A) . By vWF8 staining, there were no significant differences in tumor angiogenesis between IgG-and anti-CCL2-treated mice ( Figure 5B , Supplemental Figure 2B ).
Given the lack of therapeutic efficacy with neutralizing antibodies, we examined for CCL2 expression levels in tumor-bearing mice. CCL2 levels were measured from blood samples and tumor interstitial fluid by ELISA. Mice treated with CCL2 antibodies showed significantly higher levels of human CCL2 in blood samples, with a mean concentration of 603 ng/ml compared to 346 ng/ml in IgG-treated mice ( Figure 6A ). Anti-CCL2 treatment also increased expression of human CCL2 in the tumor interstitial fluid, with a mean concentration of 3.5 ng/ml compared to 1.2 ng/ml in the control IgG group ( Figure 6B) . Furthermore, blood samples from anti-CCL2-treated mice showed a modest but not statistically significant increase in murine CCL2 expression ( Figure 6C ).
We addressed the possibility that anti-CCL2 treatment led to compensatory upregulation of CCL2 in breast cancer cells and fibroblasts, thereby increasing the levels found in circulation and in tumor tissues. MCF10CA1d breast cancer cells and fibroblasts were cultured in the presence or absence of anti-CCL2 or control IgG and measured for CCL2 secretion by ELISA. CCL2 expression in fibroblasts was twice as high compared to MCA10CA1D cancer cells. Increasing the concentration of anti-CCL2 to10 μg/ml reduced the levels of CCL2 in fibroblasts from 2300 to 1000 pg/ml and resulted in a small but not statistically significant decrease in CCL2 levels in breast cancer cells to 1000 pg/ml ( Figure 7A ). The presence of neutralizing antibodies inhibited detection of recombinant CCL2 (Supplemental Figure 3) , indicating that the ELISAs detected free CCL2 secreted from cells but not CCL2 bound to neutralizing antibodies. To further determine how the presence of anti-CCL2 affected CCL2 levels in cultured cells, the antibody containing medium was removed, and cells were incubated in fresh medium for 24 hours to generate conditioned medium. When the conditioned medium was examined for CCL2 by ELISA, there were no significant differences in CCL2 levels in fibroblasts or breast cancer cells compared to IgG treatment ( Figure 7B ). In summary, these data indicate that neutralizing antibodies are capable of binding and sequestering free CCL2, but a continuous presence of CCL2 antibodies is required to maintain this sequestration.
Discussion
CCL2 is a therapeutic target of interest for the treatment of cancer, and the effectiveness of CCL2 targeting alone or in combination with other agents is currently being determined in multiple clinical trials [20] [21] [22] . However, human-specific CCL2 antibodies have not been well characterized in preclinical studies. Furthermore, the primary method for targeting CCL2 has involved bolus injections of neutralizing antibodies. In these studies, we tested whether continuous delivery of human-specific CCL2-neutralizing antibodies in animals bearing breast tumor xenografts would be an effective therapeutic strategy. Our studies showed that stable delivery of CCL2-neutralizing antibodies over 4 weeks results in little therapeutic efficacy and increased CCL2 levels over time.
Previous studies have demonstrated that drugs delivered via osmotic pumps enhance therapeutic efficacy compared to bolus injections [32, [34] [35] [36] . For example, osmotic pump delivery of carboplatin to mouse models of ovarian cancer inhibited tumor growth more effectively than intraperitoneal injection and resulted in fewer toxic side effects [36] . In another study, osmotic pump delivery of interleukin-13 drug conjugates significantly slowed tumor growth and increased survival in animals with pancreatic cancer [35] . These therapeutic effects are in part due to stable drug delivery modulated by osmotic pumps [32] . In previous studies, we found that interval injections of CCL2 antibodies in mice resulted in a one-third decline of antibody levels within 24 hours [15] . Here, we found that osmotic pump delivery of CCL2-neutralizing antibodies resulted in stable levels of antibody of approximately 18 to 20 μg/ml in circulation over several weeks, while 10 μg/ml was shown to be inhibitory in vitro. However, osmotic pump delivery of CCL2-neutralizing antibodies did not significantly affect primary tumor growth or invasiveness. One possible factor limiting the effectiveness of the neutralizing antibody is tissue penetration. Approximately 1.1 μg/ml of antibodies was detected in tumor tissues compared to 18-20 μg/ml in blood circulation. These data indicate that significantly lower levels of antibodies penetrated tumor tissues. Difficulties in drug penetration have been reported in animal models and in patients, and have been attributed to a number of factors including leaky vasculature that does not extend into the tumor, tumor interstitial pressure, and a basement membrane that provides a barrier to drug entry [37] . It would be of interest in the future to further investigate the mechanisms preventing antibody uptake in order to enhance therapeutic efficacy.
In order to test the effectiveness of human-specific CCL2 therapeutic antibodies in preclinical models involving human and mouse cells, it was necessary to determine how the antibody would cross-react with other species. Previous studies have shown that murine-specific CCL2 antibodies inhibited tumor growth and metastasis transplanted with murine mammary or prostate carcinoma cells [15, 38] . One study showed that murine-specific CCL2-neutralizing antibodies inhibited the growth of MDA-MB-231 breast tumor xenografts and macrophage recruitment in mice [39] . The limited effectiveness of human-specific CCL2 antibodies observed in our studies could be due in part to binding specificity. Human CCL2 and mouse CCL2 share a 70% homology in amino acids [9] , enabling human cells to respond to recombinant protein from both species. While both murine and human CCL2 stimulated human cells in vitro, the neutralizing antibodies inhibited human but not . Delivery of CCL2-neutralizing antibodies to tumor-bearing mice increased the levels of human CCL2 in blood and in primary tumor tissues. Tumor-bearing mice were treated with control IgG or CCL2-neutralizing antibodies. Four weeks posttransplantation, ELISAs were performed to measure the levels of (A) human CCL2 in blood, (B) human CCL2 in tumor interstitial fluid, and (C) murine CCL2 in blood. Statistical analysis was performed using two-tailed Student's t test. Statistical significance was determined by P b .05. **P b .01, ***P b .001, ns = not significant. murine CCL2-induced cell migration. Antibody treatment of tumor--bearing mice increased the levels of human CCL2 and also murine CCL2 in circulation, although the increase in murine CCL2 was not statistically significant. CCL2 is expressed by a variety of murine cell types found within the primary breast tumor, including endothelial cells and bone marrow-derived cells [9] . It is possible that the combined increase in human and murine CCL2 abrogated the effects of CCL2 antibody neutralization.
The CCL2 antibody concentrations detected in blood circulation and in tumor tissues were associated with increased human CCL2 levels and slight increase in murine CCL2 levels, indicating a physiological effect of CCL2 antibody delivery. These phenotypes are consistent with previous studies characterizing the effects of antibody targeting of ligands. Delivery of the CCL2-neutralizing antibody CNTO0800 resulted in elevated CCL2 levels in patients during clinical trials [21, 22] . Mathematical modeling studies indicated that antibody binding prevented clearance of CCL2 and that a rapid disassociation of antibodies from the ligand contributed to the increased levels of free CCL2 [23] . In our studies, we found a two-to three-fold increase in CCL2 levels with antibody treatment in animals. Treatment of cultured cells with CCL2 antibodies reduced the levels of free CCL2 in fibroblasts and slightly decreased levels in breast cancer cells. However, 1000 pg/ml of CCL2 was still detectable even with 10 μg/ml of antibody present. This may potentially be due to the equilibrium between bound and unbound CCL2. After removal of antibodies, we found that the CCL2 expression levels in cultured cells were similar to control treatment, ruling out compensatory CCL2 production. Thus, the increased level of CCL2 observed in vivo could be potentially due to the enhanced stability of CCL2 by antibody binding, and a constant equilibrium between binding and dissociation of CCL2-antibody complexes. It would be of interest in the future to conduct studies on the pharmacokinetics of CCL2 antibodies in animal models of breast cancer.
In these studies, we delivered CCL2-neutralizing antibodies at a dosage of approximately 0.3 mg/kg/day. This dosage was based on previous studies reporting effectiveness of CCL2-neutralizing antibodies when delivered at dosages ranging from 0.4 to 2.9 mg/kg/day [15, 16, 19] . The slightly lower dosage was due to limitations in pump rate from an osmotic pump capable of drug delivery over 4 weeks. It is possible that a higher concentration of CCL2 antibodies might induce an anticancer effect or might further elevate CCL2 levels, contributing to a rebound effect that promotes tumor progression. These studies would require a higher pump rate with shorter pump time, requiring more frequent pump replacement in the MCF10CA1d tumor model and increasing physical stress to the animals. From a clinical perspective, this would require long-term continuous delivery of high dosages of anti-CCL2 to prevent a possible rebound effect caused by decreased CCL2 antibody levels.
Conclusions
In summary, our studies report limitations in the use of human-specific CCL2-neutralizing antibodies for the treatment of breast cancer in mouse models. Previous studies have shown that knockdown of CCL2 in breast tumor xenografts effectively inhibited tumor growth and metastasis and significantly reduced CCL2 levels [27, 40] . These studies suggest that CCL2 remains a viable therapeutic target in anticancer treatment. Strategies to inhibit CCL2 expression, rather than CCL2 activity only, may be a more effective approach to target CCL2. Alternatively, CCR2 inhibitors, which are in the preclinical pipeline [14] , may overcome limitations caused by CCL2 targeting. Furthermore, the development of more physiologically relevant preclinical models may in turn improve the design of anticancer drugs.
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